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SUMMARY 

The equations that describe the operation of a heat 
oxchangor — tho equations for pressure drop, rate of heat 
transfer, and power expenditure — have been put into non- 
dimensional, generalized forn # These generalized equations 
can bo used for constructing selection charts for various 
types of aircraft heat exchangers. Such charts would 
facilitate choice of heat—exchanger dimensions for any 
given set of operating conditions. A typical selection 
chart is presented. 

Until very recently, little detailed mathematical anal- 
ysis of the design of heat exchangers used in aircraft has 
been published. 3acic physical phenomena involved have been 
described, general treads in good design have been investi- 
gated, and selection charts for specific operating conditions 
have been developed in several papers such as references 1 
through 6. Three papers (references 7, 8, and 9), which pre- 
sort new mathematical approaches to the problem of select- 
ing efficient installations of specific types of heat ex- 
changer, have recently boon written. Reference 7 shows how 
to obtain the dimensions and the operating characteristics 
, of cross-flow intercoolers that have small power expendi- 
tures. In reference 8 there is derived a formula that de- 
fines the volume of radiators using a minimum of power as a 
function of the airp] \ne and air characteristics, A useful 
design chart with- generalised coordinator, is also presented 
in the same paper. In a third paper (reference 9) general- 
ized coordinates are used to plot a surface representing all 
radiat or do signs . 

This paper pro sent s a method of deriving generalized 
coordinates for selection charts for any type of heat ex- 
changer - croFS-fl'ow, count erf 1 ow, cr parallel -flow - 
dissipating heat from any type of fluid and installed in an 
airplane , 
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SYMBOLS 

The units given are the ones used in this paper. 
Any consistent system of units may "be used. 

c i > c 2 i °3 i c 4 empirical numerical constants 

Otj drag coefficient of airplane 

C L lift coefficient of airplane 

D outside tub© diameter, feet 

hydraulic diameter of passage, feet 

K ratio of opaQ area to total frontal area 

g acceleration due to gravity, 32.2 feet 

per second per second 

h surface heat-transfer coefficient^ Btu 

per second per square foot per v ? 

H heat dissipation, Btu per second 

k 



thermal conductivity of fluid, Btu per 
second per square foot per °T? per foot 



K 1 , Kg j K 3 constants 



L length of fluid passage, feet 

L n length of heat exchanger In no-flov; direc- 

tion, feet 

H mass flow of air, pounds per second 

n numher of tuhes per square foot of face 

of heat exchanger v/ith open ends of 
tuhe s 

p tuhe pitch, feet 

Ap pressure drop, pounds per s qua. re foot 

P power, foot-pounds per second 
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s effective cooling surface per unit length 

of tube, squar.e feet per foot 

S effective cooling surface, square feet 

initial temperature difference available 
for oooliag, F 

^ eiapiri sal exponent determined "by type of 

flow 

V empirical exponent determined "by type of 

flow 

T *" average velocity of fluid inside heat ex- 

chancer, foot per second 

V 0 velocity of airplane, foet per second 

V weight of heat exchanger, pounds 

x empirical exponent determined type of 

f 1 ow 

y empirical exponent determined by type of 

flow 

e multiplying factor to take care of addi- 

tional weight of heat exchanger mounting 

t moan temperature difference between hot 

fluid and cold fluid divided "by AI^ 

t] duct efficiency 

M> coefficient of viscosity of air, siu.gs 

per ^oot-second 

p mass density, slugs per cubic foot 

p tr weight density of heat exchanger, pounds 

per cuhic foot 

0, $1 • • *0ni Gj. constants 
Subscript s : 

a cold fluid side 

o hot fluid side 

t total 
W weight 



C onstant s known in installation! 
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n A 



3 -X 



Z. = 



0 0 E 



I' - 



0a ^ 



3 -X 



0, 



0, 



a»i *a 

a - a 



02 = 



2c Lb. 7 
3 0 



g 



0a ^ 



^ L a' J ^a 
ct 3 a 



0o = 



1 0 G> 



fc^ c 4 s- D 
^ c o M»"h 



0 * p"b vS^ 0 ; 



5 



ANALYSIS 

Three type* of heat exchangers- ethylene-glycol radi- 
at'oTSj oil coolers, ^nd intercoolsrs - are used in air- 
craft today. In all three heat exchanger p, the fluids e i~ 
thor flow frictionally through passages or flow across 
Thanks of tuDos. The physical phenonona occurring are de- 
scribed by ptfe s sure-drop and heat-transfer data that nahe 
p 03 811)10 the selection of heat exchangerr. for given condi- 
tions. 

Data for the pressure drop across tube banks h<?vc 
been correlated (reference 10) by -cans of equations of the 
f o 1 1 o \-r± ng t yp e : 

A p 3 r ■ f^f ^ f,\ 
= c . i .• 1 I 

1 V ^TTTl j \ — J 



p7 3 " 1 VpYD/ 



Date for tho pressure drop when fluid flows through pas- 
sages arc generally correlate-, (reference 11) by neans of 
equations similar to tho following: 



At) Dv / u \ 



4 £— L 



The general forn of the equation correlating heat-transfer 
dp.ta for flow across tubes (reference 10) Is 



hD fpW\ 



The general form of the equation for frictioa&l flow 
through passages (reference 11) is represented by 



The constants c 19 c 3f c 3 , and c 4 and the exponents 
U| and v arc do t ^rnino ft by experiment. ' 
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Q^j^aJLized equation ^or power expenditure, Tiro to- 
tal power chargeable to a heat exchanger in an airplane is 
composed of three parts: the povrer required to force the 
hot" fluid through the heat exchanger and the as-s*c.iat-ed 
duct system, the p*wer required to force the cold fluid 
through the heat exchanger and the associated duct systen, 
and the power required to carry the weight :of'tho heat- ex- 
changer and its supports. It is- useful to note that the 
power used on the hot-fluid side is negligible in almost- 
all heat exchangers. In int er co oler s , the one -type of 
heat exchanger in vrhich this £>owcr so.net ines is not ncgli>- 
gihie, the povrer is limited to a snail value hy the re- 
striction on the pressure drop on the engine-air side. 
The power chargeahic to heat exchangers can therefore he 
taken, for design purposes, to he the sun of the pov/er re- 
quired to force the cooling air through the heat exchanger 
and the duct systen and the power required to carry the 
heat exchanger and its supports: 



Tla 



+ ? 



AP, M 



W 



a_ 



A generalized equation for the power expended in forc- 
ing the 'air through the heat exchanger is obtained oy solv- 
ing for the pressure drop on the cooling-air side in equa- 
tion (l), when the air flows across a "bank of tubes, or in 
equation (?) , when the air flows fractionally through pas- 
sages, and "by substituting for the velocity of the air in 
terns of the mass flow and the free area. For example, in 
the case of a cross-flow heat exchanger with the cooling 
air flowing across the tubas, the generalized equation for 
the cooling air power is 



ML 



3-X 



e Pa % 




h L n L h 




3-X 



(5) 



The power required to carry and support the heat exchanger 
is given sir.ply by the equation 



% = < n? V o W * e bf Y ° P * 



'L 



L T3 L a = 



f, L n H L a 



(6) 
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±>~ a combination of equations (5; a$d (S), the gen- 
eralized equation for the power expenditure chargeable to 
the installation is obtained: 




Q- cner a li jged h eat-"b alanc g e auat i_on . ~ In order to dissi- 
pate the required anount of heat H, the following heat- 
Dalance equation mist be satisfied: 



The --total resistance to th£ flow of heat is the sua of 
the thermal resistances on the two sides of the heat ex- 
changer : 



h t S t r.„ S a hfc S| n L n 1^ L a % a s a h- 0 



(9) 



If Equations (o) and (4"; for the heat-transfer coefficients 
'•re solved, the velocities elimiixat ed as "before, and the 
result substituted Into equation (S), the generalized equa- 
tion for |he total thermal resistance is found. In the 
typical case where the cooling air flows across the tubes 
and the hot fluid flows through the cubes, the equation for 
the total thermal resistance becomes 



When equation (10) is combined with thu heat-balance caua- 
t ion (Q) end simplified, there is obtained: 



Equation (ll) is the generalised form of the heat-balance 
equation for heat exchangers. 

Derivati on of generali zed coordinates • - 2 qua t i o n ( 1 1 } , 
the generalized heat-balance equation, in combination with 
equation (?), the generalized equation for power expendi- 
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ture, completely describes the characteristics of all cros 
flow heat exchangers. Similar equations completely de- 
scribe the characteristics of counterf lov and parallel- 
flow heat exchangers. These equations aust be used in ob- 
taining the generalised coordinates for the selection 
charts of heat exohaii •■ s r s # The derivation of the general- 
ized coordinates for ohe selection charts of cross-flow 
heat exchangers will now be given, Exactly analogous der- 
ivations are applicable to count erf low and parallel-flow 
heat exchangers . 

Equation (?) $ the generalized equation for the power 
expenditure, relates f-our quantities: the power expenditu 

X : l, L , 0 f — — - ) , and 0 3 . More than three quanti- 

ties interrelated by a single equation cannot be plotted 
on a single chart. Equation (?) can be expressed, however 
as a relation anong only three ir stead of four quantities 
if it is rewritten in the form 



(12) 



It is to be noted that, in order for the generalized equa- 
tion for power expenditure to relate three quantities, 



( 3-X 

Tz '^n L b' 



iv, It,/ 



i:ust be taken to be one of the quantities. The other two 
quantities nay bo taken as P and 0 3 L n L a or as P 

and 0 3 L r i nul ,ipliod by any function or group of 
constants whatsoever, A consideration of the heat -balance 

equation will determine the best form for these quantities 

. : The generalized heat-balance equation (ll) relates 
three quantities : 



The twtwiF 



is brought into the heat- 



g 



balance relation by convortin.'; equation (.11 ) into 
03 \L n 



J. 



3-IC 

u 



u 

r^ a "* "1 ' * l " h v . Ay* Ss r L ° m 



u_ 



(13) 



The hoat-talanco equation (13) contains p 113^ quantity 




that is easily introducod into 



tho equation for tho powor o^ondituro "by multiplying "both 
sides of equation (12) hy 



3 



'J 



u 



Tho hcat~hala;icc and power expenditure relationships 
aro expressed tjy pquatiotta (13) and (14) in terms of four 
quantities of Which tv/o occur in "both oqu^tionc. It is 
easily shown that these et»u*.t io a s t as -./oil as the four 
quantities involved in then, are nondir.ver.si onai . * - 



?ro~ equation (14 ) , Q — -jt-J must have the sane 

diucne i oris as di r^en s i oiilo S s unity and, in order for equation 
(13) to bo dinonsi onally satisfied, the quantities L n L- 0 



(Continued on p. 10} 
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! aviations (3.3) a:-. 1 (14) can "D3 rewritten as 



v 



3*. X 

U 



3-X 



J 21 D 



-n o 



(15) 



p ' ^ V V L a' I VETS- : 



f I 



3-X 



+ 1 



(15) 



where L„ 1 , L-*, L 1 , anft P 1 are nondimensl onal and are 
ii u a 

defined "oy 



H A. 



Kg * 3 



(17) 



ll( V-I ) 



B 0, 



0* 

0a" 



V 



K ° 



(13) 



V 



'tc'" ~a 

3 



(19) 



pi = . 3 s - 



/0 \ 3 ~ x AT. 



£ » 



P m K , £ P 



(20) 



(Continued f £oxn p. 9) 3 _ :c 

dimensional if ~- \ — — — ) is nondimensi onal • If e^ua- 

h VL n L o y 

t ion (14) is referred to again, it is seen that the fourth 

u 

fi AT - £ n 

quantity P \ J 4 — gp- must also be nondimensi onal • 
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Equations (15) and (16) ire the final nondinensional 
forms of the generalised equations for the heat "balance 
and the power expenditure of heat exchangers. In tho ap- 
plication cf these equations to the plotting of selection 
charts, it is convenient to use F 1 as a dependent vari- 
able whose value is determined "by two independent varia- 
bles, Those independent variables may "be taken to he any 

L„ 1 , and convenient 



two of the variable 
groupings cf 



L n'> 



La' 



L a' 



'a ' 

such a i 



and L 



n 



Two groupings of general interest are obtained "by convert- 



ing equations (l) and 
forms involving L a 1 , 
tioa for the pressure 
formed' into 



a 



v 



_a 



(2) for 
l^ 1 and 
drop on 



one 
the 



pressure drops into 

In this manner the eq.ua- 
cooling-air side is trans- 



03 0 



a 



H g 



Pa % 



ap, 



lit 



a 



(21) 



The equation for tho pressure drop on the hot-fluid side 
"be cone s 



Ap t « , > a_ 

- D 



u(v-3+v) 

/f, \ "( 3 ~*T~ . " , ' 

I -— 



Ki £ 03 :,I h A _ 

fl f , Ap '° 



1 » 



n jxn 



A Ph 



(22) 



Zquations (15) and (16) , tho generalized hoat-halance 
and pouer-c:<pcndituro equations, can he reduced in many- 
cases to a single equation for convenience in plotting se- 
lection charts. Some of tho derived equations of general 
interest follow: 

3~3C 

I K \ \ (23) 



pi — T. i L-u 1 L 1 < 



1 + 



L ') 



12 



1 •!- 



3~X 



(24) 



P' = L n ' L- D « L a <. 



P' 



( V 

1 + k r H^ 



3-X 



L « L- 1 L 1 + Ap. 

n Da * i 



(25) 
(26) 



L„ 1 L,, ' L U 1 + 



VV 



APT,-' 



3-7 



(27) 



Ar; an example of the application of these equations, 
the generalized intercoolor selection charts of figure 1 
y-erc plotted from equations (24) , (25), (25;, and (27). 
These charts show the intercoolor po-/er expenditure repre-* 
sented by P 1 as a function of the intercooler dimensions 
and the pressure drops on the hot-air and cold-air sides 
represented by the primed quantities. The charts readily 
show trie relative merits of various intercooler designs. 
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Figure 1 - Generalized selection chart for 
tubular int ercoolers . 



